A study was conducted of hydrocarbon synthesis from CO and H 2 over an alumina-supported Ru catalyst. Rate data for the formation of methane and c 2 through c 10 olefins and paraffins were fitted by power law rate expressions. The kinetics observed experimentally can be interpreted in terms of a comprehensive mechanism fo~ CO hydrogenation, in which CH (x=0-3) X species play a primary role. Expressions for the kinetics of methane synthesis, the kinetics and distribution of c 2 + olefins and paraffins, and the probability of hydrocarbon chain growth derived from this mechanism are found to be in good agreement with the experimental results. The observed deviations from theory can be ascribed to secondary processes such as olefin hydrogenation and paraffin hydrogenolysis.
INTRODUCTION
During the past decade, extensive efforts have been made to understand the mechanism by which Group VIII metals catalyze the synthesis of hydrocarbons from CO and H 2 (1-7). One of the most important results of these investigations has been to draw attention to the importance of nonoxygenated surface inter-
mediates. An increasing body of evidence now supports the hypothesis that hydrocarbon synthesis is initiated by the dissociation of CO and that the carbon atoms thus produced are hydrogenated to form adsorbed methylene and methyl groups. It has been proposed (5-7) that methyl groups act as precursors for the formation of methane as well as the growth of hydrocarbon chains, the latter process beginning with the insertion of a methylene group into the metal-carbon bond of a methyl group. Chain growth can continue by the further additio~.of methylene units to adsorbed alkyl species. Olefins and paraffins are finally produced from the alkyl moieties by either hydrogen elimination or addition.
A substantial part of the evidence supporting this view of hydrocarbon synthesis has been obtained from studies conducted with ruthenium catalysts. The emphasis on this metal can be explained by the fact that ruthenium produces, primarily, linear olefins and paraffins and relatively few oxygenated products. Moreover, unlike iron and cobalt, ruthenium is not converted to a carbide under reaction conditions. Studies by several authors (~-11) have shown that chemisorbed CO will dissociate on ruthenium at elevated temperatures to form adsorbed carbon atoms. Hydrogenation of this carbon occurs very readily to form methane as well as higher molecular weight paraffins. Ekerdt and Bell (12) have shown that carbon deposition also takes place during the steady-state reaction of CO and H 2 , and that hydrogenation of this carbonaceous deposit following the elimination of chemisorbed CO produces a spectrum of hydrocarbon products. These latter
results demonstrate that chain growth can occur in the absence of adsorbed CO.
Further evidence for the participation of atomic carbon in the growth of hydrocarbon chains has been obtained by Biloen et al. (11) . In these studies 13 nickel, cobalt, and ruthenium catalysts were precovered with C atoms produced by the disproportionation of 13 co. The adsorbed 13 co was exchanged with 12 co and the catalysts were then exposed to a mixture of 12 co
and H 2 • Careful mass spectrometric analysis of the products showed a random identical. From these observations it was concluded that CO dissociation is very rapid and hence is unlikely to be a rate limiting step, that
CHx (x = 0-3) species constitute the most reactive c 1 surface species, and that methane and other hydrocarbons are formed from the same building blocks.
These conclusions have also been supported by the analysis of methane synthesis kinetics reported by Ekerdt and Bell (12) and by the observation of a significant inverse H 2 /D 2 isotope effect on methane synthesis recently reported by Kellner and Bell (13) .
The ptoposition that hydrocarbon chain growth can occur on a ruthenium surface via a polymerization mechanism involving methylene groups as the monomer has recently been supported by the work of Brady and Petit (14) .
These authors demonstrated that a spectrum of hydrocarbons, resembling that obtained by CO hydrogenation, can be formed by reaction of CH 2 N 2 and H 2 over ruthenium and other Groups VIII metals. The results were explained by suggesting that the decomposition of CH 2 N 2 acts as a source of methylene groups, a part of which is converted to methyl groups by reaction with adsorbed hydrogen. It was proposed that the methyl groups then act as initiators for chain growth. The applicability of these results and their interpretation to hydrocarbon synthesis from CO and Hz is supported by the work of Bell and coworkers (1~,16) . Their work has shown that methyl, methylene, and higher molecular weight alkyls present on a ruthenium surface can be detected through the reaction of these species with olefins, and that the consumption of surface methylene groups by this means inhibits the propagation of hydrocarbon chain growth.
In the present study an investigation has been carried out of the kinetics of hydrocarbon synthesis over an alumina-supported ruthenium catalyst. Emphasis was placed on establishing the influence of reaction conditions on the rates of product formation, the distribution of olefins and paraffins according to carbon number, and the ratio of olefin to paraffin obtained for each carbon number. These data were then used to evaluate theoretical expressions for the reaction kinetics, derived from a comprehensive mechanism for hydrocarbon synthesis.
EXPERIMENTAL
A 1% Ru/Alzo 3 catalyst was prepared by adsorption of Ru 6 C(C0) 17 from pentane solution on to Kaiser KA-ZOl y-alumina. Details concerning synthesis of the complex and the impregnation procedure have been described previously (17) . Once dried, the catalyst was reduced in flowing Hz.
Reduction was begun slowly raising the temperature from Z98 to 673 K and continued by maintaining it at 673 K for 8 hr. The dispersion of the reduced catalyst was determined to be 1.0 by Hz chemisorption.
A stainless steel microreactor heated in a fluidized bed was used for all of the work reported here. Reactants were supplied from a high-pressure cylinder containing a desired ratio of H 2 and CO. The Prior to each series of experiments, the catalyst (100 mg) was reduced in flowing H 2 for 10 to 12 hr at 673 K and 10 atm. The temperature was then lowered to 498 K and the feed mixture was introduced at a flow rate of 200 cm 3 /min (NTP). Ten minutes after the reaction had begun, a gas sample was taken for analysis and the gas feed was switched over to pure H 2 for 1 hr. By alternating short reaction periods and longer reduction periods, a stable catalyst activity could be achieved after several cycles.
Once this condition had been obtained the reaction conditions were adjusted to those desired for a particular experiment. Periodically, data were taken at 498 K, 10 atm, and H 2 /CO = 3 to determine whether changes in catalyst activity had occurred. In all cases, activities were reproduced to within a few percent. Maintaining the catalyst in H 2 for prolonged periods was also determined to have no effect on catalyst activity.
RESULTS
The rate of methane formation was measured at pressures between 1 In this equatio~ NC is the rate of methane formation per second per 1 surface Ru site,and PH and PCO are the partial pressures of H 2 and CO, 2 respectively, expressed in atmospheres. Figure 1 illustrates the quality of agreement between rates calculated using eqn. 1 and those determined experimentally. The average deviation between experiment and correlation is less than + 6%.
Seventy to eighty percent of the hydrocarbon products were analyzed to be c 2 through c 10 paraffins and olefins. Examples of the ratio of the formation of hydrocarbons containing n carbon atoms to the rate of methane formation are shown in Figs. 2 and 3. Figure 2 shows that with the exception of the points for n=2 all of the data taken at 1 atm lie along straight lines on the coordinates of log (NC /NC) versus (n-1). The decreasing slope n 1 of the lines as either the H 2 /CO ratio or the temperature is decreased is indicative of an increase in the average molecular weight of the products.
The data taken at 10 atm (Fig. 3 ) also lie along straight lines on the indicated coordinates, but in this case deviations are seen for n = 2 and 3. Tables I and II . Examination of Table I shows that a positive order dependence on H 2 and a negative order dependence on CO partial pressures is observed in all cases. For a given carbon number, the H 2 dependence for paraffin formation is higher than that for olefin formation, whereas the CO dependence is more nearly the same for both products. The data in The information presented in Table II shows that the activation energy for olefin synthesis is higher than that for paraffin synthesis, suggesting that the olefin to paraffin ratio in the products should increase with increasing temperature. The extent to which this trend is observed is illustrated in Fig. 4 . Below about 498K, the plots of log (NC=/NC-) versus n n 1/T are linear for n 2,3, and 4. From the slope of this portion of the plots 1 the difference in activation energies for the formation of olefins and paraffins is estimated to be about 6 kcal/mole. The sharp decline in log(NC=/NC-) which occurs at temperatures above 498K can be ascribed to n n hydrogenation of the olefins. This interpretation was confirmed by examining the effects of reactant space velocity on the olefin to paraffin ratio. At temperatures below 498K,this ratio is independent of space velocity, but as the temperature is increased above 498K, the ratio of olefins to paraffins decreases with decreasing space velocity.
Since it has been reported that olefins formed via primary reactions can be reincorporated to form higher molecular weight products (7, 15) , an investigation was made to establish the possible influence of such reactions on the observed product distributions. When ethylene was added to the synthesis gas at levels similar to those produced by the reaction, no evidence could be observed for olefin reincorporation.
Raising the level of ethylene addition to 0.5 or 1.0% of the total feed (20 to 40 times that normally found in the reaction products) did produce an effect on the distribution of products, as can be seen in recently been presented in a number of reviews (1-7). Consequently, the justification for including particular steps,and for assuming that certain of these are reversible,will be restricted to ruthenium.
It is proposed that CO is first adsorbed into a molecular state from which dissociative adsorption can then occur. Infrared studies reported by a number of authors (12, (18) (19) (20) It is well recognized that during CO hydrogenation over Ru,water is the primary product via which oxygen is removed from the catalyst surface (12) . The mechanism of forming water in the presence of substantial amounts of adsorbed CO is not known and may occur via either a sequence of Langmuir-Hinshelwood steps or a concerted Rideal-Eley step. For the purposes of the present discussion it has been assumed that the latter process represents the dominant reaction path.
The stepwise hydrogenation of single carbon atoms is taken as the starting point for hydrocarbon synthesis. Studies by a number of investigators (9-11) have shown that atomic carbon produced by either CO disproportionation or CO hydrogenation is extremely reactive and will form methane and higher molecular weight hydrocarbons upon hydrogenation. catalyst identical to that used in the present studies (13) . Next, it is assumed that steps 9, 10, and 11 are irreversible and that the rate coefficients for these steps are independent of the chain length, n. The validity of this assumption will be discussed following the derivation of rate expressions for c 2 + hydrocarbons. Finally, it will be assumed that the fraction of vacant surface sites can be expressed as The turnover number for methane formation, NC , can be written as 1 (2) where k 8 is the rate coefficient for step 8 in Fig. 6 , eCH is the fractional 3 coverage of the Ru surface by CH 3 groups, and eH is the fractional coverage by H atoms. Since equilibrium has been assumed for steps 1 through 3 and 5 through 7, 6CH can be expressed as
where Ki is the equilibrium constant for the i-th reaction and e 0 is the fractional coverage of the Ru surface by 0 atoms. The magnitude of 8H is given by (4) Substitution of eqn. 3 and 4 into eqn. 2 and introduction of eqn. 1 for 8 v results in
The dependence of NC 1 (5) on 8 can be eliminated from eqn. 5 if it is 0 assumed that all of the carbon and oxygen released in step 2, which does not recombine to form adsorbed CO, reacts to form hydrocarbons and water. This implies that 00 = (6) where (7) Since all hydrocarbon products containing two or more carbon atoms must be formed by chain growth, step 9, the overall rate of carbon consumption for the formation of hydrocarbon products can be expressed as 00 00 (.8) where k is the rate constant for chain growth, step 9; 6 cH is the fractional p 2 coverage of the Ru surface by methylene groups; and en is the fractional coverage of the Ru surface by alkyl groups of chain length n. Combining eqns.
6, 7, and 8 results in eqn. 9.
-14- An expression for 8 can be obtained by imposing a steady-state balance n on the formation of alkyl groups containing n ~arbon atoms.
k e e to n v (14) where kto and ktp are the rate coefficients for the formation of olefins and paraffins. steps 10 The sum E en' appearing in eqn. 9, can now be expressed in closed form as n=l co (18) If a is taken to be independent of PH and PCO' an assumption which is not 2 rigous1y correct but does not lead to significant error, then an expression for e 0 can be obtained by substitution of eqns. 13 It is conceivable that a major part of these differences may be related to the precision used in measuring the Ru dispersion and to the effects of dispersion on catalyst activity. As noted by King (25) , and Kellner and Bell (26) , the specific activity of Ru decreases as the dispersion of the metal increases.
Expressions describing the rates of formation of higher molecular weight products can be derived in a manner similar to that followed in developing an expression for the rate of methane formation. The turnover frequencies for the formation of normal paraffins and a-olefins can be expressed as follows: (26) and is related to the ratio of olefin to paraffin formation in the following fashion: (27) The form of eqn. 25 suggests that a plot of log(NC /NC ) versus n 1 (n-1) should be a straight line with a slope given by log a. The results presented in Figs. 2 and 3 were plotted in this fashion. As was noted earlier, with the exception of the point for n = 2, the data taken at 1 atm are in good agreement with eqn. 25. At 10 atm, eqn. 25 also provides a good description of the data, with the exception of the points at n = 2 and 3.
-18-A more complete discussion of the slope of the lines shown in Figs. 2 and 3 , and its dependence on reaction conditions~ will be presented below.
It is of interest at this point to consider whether the kinetics represented by eqn. 25 are consistent with the type of product distribution described by Friedel and Anderson (27) and Henrici-Olive and Olive (28), According to these authors the fraction of the total carbon converted to hydrocarbons which contain n carbon atoms, f , should be given by n f n n-1 2
and~ consequently, a plot of log(f /n) versus n should be a straight line Values of fl determined in this fashion are listed in Table IV and are seen to be in good agreement with the values of f~ observed experimentally.
The fact that the formation of excess methane is lower at higher pressure is consistent with the proposed interpretation. For the same H 2 /CO ratio, elevation of the total pressure causes a reduction in e , due to the higher v CO partial pressure, and, hence, a reduction in the availability of sites for paraffin adsorption. The decline in the extent of paraffin hydrogenolysis with increasing carbon number might be ascribed to the fact that with increasing molecular weight a higher number of contiguous vacant sites might be required for initial adsorption. Finally, it should be noted that in addition to explaining the discrepancies in the distribution of paraffins presented in Figs. 7 and 8 , the occurrence of hydrogenolysis -21-' would explain why in Figs. 2 and 3 the experimental points for n = 2 and 3 fall below a straight line passed through the balance of the data.
-o.s
The form of eqn. 27 indicates that plots of Nc=/Nc-versus PH n n 2 should result in straight lines with a slope of 8 which is independent of n. Figure 9 illustrates a test of this prediction for n = 2, 3, and 4. The data plotted in this figure were taken at pressures between 1 and 10 atm and H 2 /CO ratios between 1 and 3, and at temperatures of 498K to minimize the effects of olefin hydrogenation. For each value of n the data are seen to scatter around a straight line, in general agreement with eqn. 27
and consistent with the empirical rate expressions presented in Table I .
It is apparent, though, that the slopes of the lines are dependent on the value of n. This dependence is seen even more clearly in Fig. 10 which shows a plot of 8 versus n for n = 2 through 10. In the light of the discussion presented in connection with Figs. 7 and 8, it seems reasonable to propose that the high values of 8 for n = 2 and 3 may be due, in part, to a partial hydrogenolysis of ethane and propane. The balance of the variation in 8 with n may be due to a dependence of the rate coefficients for chain termination on the value of n. A more detailed interpretation of these observations is not-possible at present and must await further study.
The temperature dependence of Nc=/NC_,which was shown in Fig. 4 , following expression (35) where (36) Rearangement of eqn. 36 provides a more explicit equation for a, which can be solved by means of trial and error. 
is presented in Table V . It is observed that at 1 atm, eqn. 37 provides an accurate representation of the dependence of a on temperature as well as H 2 and GO partial pressures. When the total pressure is increased to 10 atm. eqn 37 predicts values of a which are substantially higher than those observed experimentally. Nevertheless, the reduced dependence of a on H 2 and CO partial pressures observed at 10 atm is properly reflected.
The failure of eqn. 37 to provide an accurate estimation of a at 10 atm is not well understood. A possible explanation might be that at higher pressures additional termination steps b~come important.
Inspection of eqn. 17 shows that this would cause a decrease in a. A reaction which might contribute to such an effect would be the insertion of CO into the metal-carbon bond of an alkyl group to form an acyl species which might subsequently react to produce either an aldehyde or an alcohol. Alternatively, one might consider the reaction of surface methylene or alkyl groups with olefins present in the reaction products (15, 16) . The results presented in Fig. 5 show that under the reaction conditions used in the present work, ethylene does not participate extensively in this type of reaction. However, this does not exclude the possibility that higher molecular weight olefins might be more reactive than ethylene. As a consequence further investigation will be needed to establish the effects of additional chain termination reactions and secondary reactions on the magnitude of a. It has also been demonstrated that the products in a homologous series follow a Schultz-Flory distribution. Minor deviations from such a distribution observed for olefins can be ascribed to a partial conversion of ethylene to ethane. The much more significant deviations found for paraffins appears to be due to a partial hydrogenolysis of c 2 + alkanes, a process which seems to predominate at low CO partial pressures. Finally, it is concluded that the proposed mechanism can be used to deduce an expression for the effects of reaction conditions on the probability of chain growth, a. This expression provides an excellent correlation of the experimental results obtained at 1 atm but overpredicts the values of a observed at 10 atm. It is hypothesized that the discrepancy observed at higher pressures may indicate the presence of chain termination processes not included in the proposed mechanism. Proposed mechanism of hydrocarbon synthesis from CO and H 2 .
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